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To represeant the data in Watertown Arsenal Revort
o, 710/453 by conclse formulae,

COICLUSIOIS

1. The data i W,A, Report lfo. 710/456 on the
Army pallistic limits of homogencous nletes agalnst

teery”
cal, .50 A.P, ammunition are represgentad very well,l !

uv to angles of obliquity of SOO, by the formula
C,735
Ty= ] (e/1) <4 C(1l-cos8).
Hense V.L is the army ballistic limit at normnl incldence

against metehing »lste, e 1s the nlnate tinlciness, d is
the core callibre, The corgtrnt C, as well as Vl’ is a
function only oif the plate hardéness.

2, The corresnondling dsta for the Mavy ballistic
1indte sre revrecented failrly well by the formula

5
003"29.

Here V., 1s the Javy balllstic limit at normal incldence

0.
Vo=V, (e/d)

against metching »late, It is a funetlon only of plate

hardness, wefr . =% A“Qﬁmfﬁ
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y . 3, The relatior between the Army and the !lovy %_
Y v . L. .
' ballistic 1imits glven in W.A., Renort 710/456 is S
i represented, for rormal incicence, very well by the
,
y following formulae,
2 2 2
v L v e V .
' N A 3
) The constant VS 1s a function only of nlete hardness,
It is the veloeclty the core nust have, et the lastant of
b penetration, Just to ncrforate the.plate.
ﬂ 4, The energy a colibre 0,50 bullet must have to \
b rerforete completely a homogeneous nlzte in the thlckness
2 ; range 3/8" to 1" verles ¢ircctly with the plote thickness,
f . all other foctors being held constant,.
B 5. The rste at which the navy ballistic limit with
"y ) .
i respect to e¢nlibr: 0,50 projectiles incresses with angle
4 of obliquity ie nuch hizher thon csn be accounted for Dby
1] an effsctive ircresse 1s lensgth of projectile patn, The
i; date examined in this report cugzests the possiblllty
.
ﬁ that thlis ravid rise wlin obllquity 1s assocliated with
the rrojectile breaking up at angles of sttack of 806 and
g over.
S C. ZEUER
P APPROVZD: Phreicist
O T a ﬁ;s
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by e H, H, Zornig i : ﬁb*
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Introduction

Many ballistic formulese heve been proposedl. Previous
attemnts to rreduce o comnilation of dnta to a conclss formula
hove veen motlivsted nrimnrily by ¢ desire to obtein a con-
veniént me=gure of the qualily of srmor wnlate, Thug supnose
thet the bellistic limit V of o nlate with respect to a

standerd projectile varies in a kunown menner with thickness

of plote e and with angle of obliquity, () . Such a formula

may be written as

V=K T (e,f),
Here the factor I is iudevencdent of = nud £, but varies
with ¢ifferent nite quslitles, Then the effectiveness

A

of a rlven nlate in siopeing the cliandnré orojlectile is
completely evnecliied by the -ssocirted vrlue of K, high
velues deaoting ood quelity, low veolues denoting poor
quality,
30llisivic formulne may e of use 1n the development of

new tyneg of bullets., A chrnge in o bullet, such as a
chrnge 1n shene af ozive, may lmnrove 1ts nenetratlon
nbillity in certrin circumstrnces, whille effecting 1t
adversely in othewvs, Such compllceted effects mny best
be sumarrized es chenges in vrremeters of the function T,

Finelly, brllistic limit formulre nre invaluable to an
unéerstending of the mechonionm of ermor pgnetration. Any

detailed theory of ne=urtrotion muct le~d to a ballistic

formulr. The velidlty of & nerticul- i theory may be tested
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therefore by o comprrigon of the corresnmonding ballistic
formulan with that wihnlel best fits the = perimental detn,

In the coustiruction of n bnllistic formuln it is
neceganry to heve firing records of plotes of different
thicknesses exemlned at different obligquitles, The more
unlform the quallity of the plrtes, the more significence
cen be ettrched to the derlved formula, Little significernce

may in feet be atinched to formuloe derived from dota upon
production »nlatés covering a wide rrnge of tialcknesses, for
the hardness volues of guch »nloteg decresses with incrersing
plate thickness, Otner quelities not manlfested 1n the
dordness velue may also be different in plertes of different
tilcknesses, Sullivan hierg receatly publighed a report2
wiiich contains data 1dcrlly sulted to form the basis for a
ballistic formula, The nlates of all tiiicknesses were of

he srme nominal commosition,

Plotes of srch tinickness were so heat treated rs to
conteiln specimens covering » wide herdness range, The
ballistic limits were obtalned using the criterion of
complete perforation (nevy limit), and also using the
criterion thoat o sme:ll ninhole be formed (srmy limit). The
ammunition, calibre 0,50 A,P., wes fired at 09, 20°, 309, 40°
obliquity. All these data are reduced in the present report

to concise formulae, except that pertaining to 40° obliquity.
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Experinsnte) Errors in Datn
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. An tnnlysis of any set of caperiamcatal dnte should ]
Aoy
gtort with an examinntion of tihie megnitude of the uncertain- ﬁé
tles in the dnta, OCnly by thls means c¢nn one declde how g?
closely no derlved formula con be expected to flt the cx- F;
erimentel dnta, %T
The dota unon which the nresent analycis 1g brsed conelst ;ﬂ
of ths b 1llistlc limits of pl-tes of o gilven Brinell hardness :
and of ~ glven thickness, trken 2t o certoin rnzxle, For o ti
given ammunition tnc ballistic limit ig regarded rg a func- {3;
tilon only of thegse three variables: hardness, thickness, i.
' obliquity, Uncertointice in the balllstlc limit arige both £§§
P fron errors in mecasurement, ond from the oresence of differ- E;i
- e
‘ ences in »lates which rre not reflected in thelr mensursd t.
and revorted herdness velues, Tue merccured vaolue of the ;i
bellietlce 1imit is commonly rerarded ne differing from the Y
.’T .
\ true value by not more than & a5 ft/see, This 1limit 1s ‘I.
3 obtrincd by brmcketing the bnlllistic 1limit by two shols ;:
" 1w
b differirz by not more than 50 ft/sec, %&
r The d~ta in reference 2 present ¢ coavenlent method
B )
fz' of predicting the uncerteinty of the individuel vrlues of Vi
bJ :
Ej ’ ballistle limlts assoclated with a glven hardness velue, :‘?
5 . thlckness and obligulty. Of the mony nletes tested, slx [
e ! i
E mey be grouned into ralrs acving ncorly identlenl everage &:
E Brinell hardacse! 002 ond 304, 320 and 331, 361 nnd 383, %;'
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Minetcen pelrs of bollistic limits were determined on
these ol~tes, including both the Army and the Mavy 1limits
at the various angles of obliquity, The differcnce

pectween gach ordr of balllstic limits 18 recorded os Fif, P

the dlfference beings recorded as wositive Lf the horder

of the two plates hies o higher limit, Prom this figure

1t may be seen that the distribution of the differ:=ncecs isg
symmetricel nbout the origin., The mrximum discrensncy is
180 ft./sec,. Taz mern of the normitude of these differ-
cnces is 66 ft,/sce.,. Such n anenulity s known tcchnicerlly
~3 the mern absolute deviction, z,

In order to obt~in from ihig mesn rbsolute deviontion .
the »roboble error of = cingle d-tum 14 1s nocesaary to
agsume gsome sort orf ¢rror function, This will be taken
e tne Guusslon error function, In_this cage the standard
deviatlion 1s piven by5 f577§“ z, Mow the standard
deviatlon of a single detum is ()/ Y 2) times the stenderd
deviation of the difference of two drtn of the same
quantity. Finelly, wilth ¢ Geussiesu dlstributlon of errors,

3

the orobrbls error“ of o datum 1s 0,.674-(the standerd

devicrtlion), One thue obtelns that there is a 50-50 chance

that the balllstic 1limit of ~ plrte of given hardness,

taicknsse, and obligquity, 1lics within ¥ 0,874 X (2)-1/2
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0
: ("7/2)1/"1 868 ft/sec, namely - 39 f+ /sce, of a single
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Reormandzation of Data

Sullivan'c data 1o given in Apnerndlx A, Thene
data give the balllistic 1imits for vlates of varlous
tialcknesses, 3/8" to 1", at various angles of obllquity,
From 5 to 9 ploteg of each thlckness were tested, the
averase herdness of these nlatcs var&ing between 241 and
415 Brinell. Since the nardness of a glven plate 1s in
zenere) different from the herdness of all other nlates,
e11 individual ballistic 1limit of o vlate can only in rare
caces Jjustly be comrvared witih the ballistic limit of a
nlate of anotier thickness, It tuerefore seemed best to
confine attention to taree hardness ranges, and to analyze
only tuae ballistlc 1limiis averaged over each range, In
choosing these ranges a compromlse hed to be made between
the two conflicting desires to include as many points as
nossible, and to malte the raage as norrow a8 noegslble,
The ranges chocen were 260-282, 300-310 and 380-390 Brinell.
An average was taxen of tre ovserved ballistic limits 1n
each range for 4“ho varlous vlnte thulcknesses and angles
of obliquity. The aversges are plven in Teble I, In those
few ceses where neo obssrvatlens lay vitaln a siven hardness
range, oan estimate wee mnde rrom the coboervatlons lylng
on either aide of the renge by uslng Sullivens smooth
curves,

Derivation of 3sllistic Limit Foimulae

A, Army belllistice limit fornule,

A plot on log paper of the Army ballistic limits for
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normel incldence 1o given as Flg,2, Three nnorellel

stroigat lines moy be dravm taroush the nbeservationsg,

one for eecr of the thres hardness renges, The slove of

tiuege linece is 0,788, The belllistlic linilt therefore vorles
0,785 " - e - .

as e . The ac¢soclated provortionslity consteant 1s

mont recdlly found by writling the ecuation for the Army

brllistic 1limit at zero obliquity In the form

0,785

wiere d i¢ the calibre of the »rojectile core, and e 1s
the nlate thicknegs., Tae constant Vl has dimensions of
velocity. It 1s equel to the Army bellistic limit at
zero obliquity for metcuing plate (e=d), The constant Vl
cssocinted witn each hardness range ls therefore equal to
the ordinate of the corresponding streisht line at e =d.
In thils way tne values 1130, 1120, 1210 are found for the

three hardness roanges, respectively,

to toke

m

An ottenpt wosg mede to modlfy Za.(l), so a
account of obliguity, by :aaltinlying the right hend member
by some functlor of the obliculiy r~agle v, If obliaquity

could be tsken c~re of by such a rultinlicr tive functlon,

the the nlct on lozg reper of Drllistic 1imit nininst
plete trhickiess would heve tiae srme slone for all enigles
of obliquity. This wng fou1iwd not to be tie cose,

An attempt ves next mnde to tnke nccount of obliquity
by adding to the rishi member of Zg, (1) come function of &,
If this is tc be vueccessful, n nloit of berllistic limit

-0
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fﬁ ) pgninot cazle will give ldenticel curves aslde from a

: vertical shlft, for all nlates in a glven hardness ronge,
Sucn a plot 1is civen ns Fig. 3. Since the curves for 21l
plete thickuessey are essentinlly perrllel, we are
Justified in taking accouuv of ovwliquiiy by sdilng to the
ricsnt riember of Zo,(1l) soms funetion of . A successful
anolytical function cen 2e obtnlned only by trial, The
function C (1l-cos @) hes been Found to be‘satisfactory un
te 40° for ithe softer vlotes, up to 50° for the hrrder
pletes, A comprrison wita observetions 1s glvea es Fls. 4,
whcre the increase 1a balllistic limits due to obliquiuvy 1s
rnlotted agninst (l-cos 3). If tuls functlon 1s correct,

) the obeervetions siould lle upon streight lines passing
taroush the origin. The constont C ecssocloted with a
siven herdness renge 1s equnl to the slone of the correspond-
1ag 1line,

The finel Army balllstic 1limit formule 1s therefore

0,785
Vy ¥y (e/d) + C (1-cos?), (2)

The coefficients V1 snd C are olven oo functions of plete
aardness in Fig, o.
B, Mavy ballletic formule,

A plot or all the nevy deolligtic limits in Trble T
1s given on log prper as Flp,68. In nerrly every cree, the
observations Tor a given Loardness roage nt o glven engle of

obligulity scatier symmetricelly avout a stralght line with
q d &

10—
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a slope of 1/2, The navy ballistic 1limit therefore varies
with plate thickness spmroximntely as follows:

Vg e (3)

The fect that the observations for Oo, 20° and 30°
obliquity all lie unon prrellel lines meens that the effect
of obliquity mey be trken care of in Zq.(3) by means of a
multinlice tive factor, thus

0,50
Vi = (e/d) (@), (4)

where f 1g some, ot vresent undetermined, function of

obliquity angle §. f shnll arbitrarily be set equal to unity

et normal obliquity. Then V2 1s equal to the navy ballistic limit
of matching vlate at normel incldence, The value of f at 20°

and at 30° then gives the ratio of the Havy ballistic limits

et theuse angles to £hat at zero obliquity. The experimental

data are revroduced falrly well by setting f equel to 1,15

and 1,30 for 20° and for 500, recpectively, in all three hard-

ness rengss, These values are nearly renroduced by the analy-

ticrl function cos™°@. A comparison 1is zglven in Table II,

Table IT
Obliquity Factor

o 10° 50° 30°
£(3) 1 - 1.15 1.30
cos <& 1 1.03 1,12 - 1.33

Eq.(4) 1is represented by full lines in Fig, 8, with

f(5) glven by Table II, and with V, adjusted for each

2

13-
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hnrdness iangze to glve the best fit., These vnlues rre
1800, 1300, 1700 ft./eec, for the renges 260-280, 300-310
snd Z30-400, respectively., MNost of the devintlons in Fig, 8
,; ' of the obtserved ballistic limits from the strrizht lines

v sssocloted with Zq.(4) show no consistent trend in the

three herdness rainges, They may therefore be attridbuted to

the uncerteinties in the nmecsurements. Two devirtions ore

ceonslstent in all three hardness ranges. 'amely, the

observed bellistic limits of the thlanest plntes, 3/8%, ot

normel obliquliy, nnd of the thickest »lntes, 1", at 20°

obliquity, are lower than they should be rccording to Eq.(4).

These devictlons must be coneldered as reel, end are dlscussed
. in the follewlug sectlon,

. Theoreticel Iutcrnretetions

According to Eq.(4), the velocltiy required for a cal, .50

projectile Just to perforate o plote vrrics ss the square
rcot of the plrie thickness, The corresnonding energy
tnerefore v-riss llnerrly wita the wlrte taickness., This
line~r relntlon hrg bota interesting tiizoreticel ond
prectical lmplic-tlons,

Thecretlcal consldernticons show thri 1T the core per-
forntes tuae rlote by oushlng oside the »late mnterial with
no net forward iiotloi, then thz energy for perforntion vorles
linesrly with the nlate tnickness4; wnlles 1T the plote
materiel is puslhied ouly Forward, ihe eneryr for perforstlon

: veries quadraticelly =il tho «»lntic thicknessl. According

~10-
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to Eq.(4), tre nlotes inveatigruved by Sullivan were
therelore perforeted essentinlly by the »lnte nnterlal
beln» pushed aslde, At normal incldeuce, Zq, (4) may

be written as

4mv2-% fm§§eﬁ, (5)

wvhera m ls the mrass of the core. The bracketed factor in

the right hand member of thls equation heg dimenslons of

pressure, According to reference 1, tuls factor shonld
heve the seme order of mrgaltude rs the tensile strenzth,

Taking V, as 1600 ft/sec, we fi.d that this factor is

1
350,000 psi,
It has been reporied tiot tie energy lost by a

nrojectile in passing throushi a »late is independent of

vhne striking veloclty of the projectilea, According to
this coucluslon, and to Eg, (5), ~ cal. .50 projectile
will require the seme energy to nerforate s nlate cf
siven thickness ng to verforate two pletes, erch nlete
pcing of hrlf tiis thlckness, pirovided the leotter nletes

8

nre £t lerst /8" thick, Previous renmorts” from this

crsenal hove concluced thnt it took & grerter total thick-

ness of a plate to defent o cnl, .50 vrojectile 1f the
nlate were 1n two gecbtions rotler tl.an 1n one, Such a
conclusion wns brgeld uno. experiments using plrtes

conslderably herrder, of zbout 440 Brlnell, than those

ug2d in the detn reviewzd in tids rerors, Tas edqulvalence

of two sevrrate 1/2" nl-tac to ci: 1"plate 1s bseed upon

-] e
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the supnosition tant tie nrojectlle strikes the second

plrte under the grme conditlong ra3 1t sirlkes the first
nlate, Howaver, wihen tie projectile strikes the second
plate the core has been stiripped of 1ts Jacket. The
neénetrotive abllity of » cal., .50 projectile is considerebly
7
’

reduced by the removel of its Jrcket nresumnbly because

the Jjacket tende to prevent the nose of the core from
breaking up7. It is therefore antlcipated that two 3/8"
nlates will be more effective than one 3/4" plate, or two
1/2"% nlates nmore effective than o single 1" plate at all
angles of ovligquivy, nrovidei ell the »lestes are homogeneous
with a hardiess ia the ronge 260 - <400 Brinell, and provided
vhey are separated by a dlsteice rt lzegt equal to the
length of the nrajectilla,

The ropicity with which the brllistic linmit rises
wlith oblicul’y is very surnricinz, If the oaly adventage
of obliquity wer:s to lzngthen the noth of the orojectile
throush the ~rmer nlates, the ensrgy ns cmssnf" for ner-
foration would very with obliquity =1 most as l/cosfa, the
navy balllistlc linit therefore woulé vary ot nmost cs
1/0090'56. This would wmeke the navy balllstle limip ot
20° obliquity c% algher than at 0° obliquity., From Eq.t4)
and Table II, we sce tant actually it is 15% higher, a
rise of five times thrt nredicted by the ebove nalve
Interpretation, Thae incrersgse of effective meon length of
path can tisratere be ¢l r nl.or fecetor 1n the rapld rise

14—

w-w y: N Ry ‘ I RO Y ST

i ’H{{‘ : .} %R b ;,_ R A OO
T gt % Y NN )2{}- -~ 'i iﬁé? 5
G Y f; E -P

- e ko "I"-v' { ) :
Bl I" ! " > AI.. JOn.l N

. £ e 7 (s
'F}+ﬁﬁkwl Py
o Foy- ey

Sl

guig;né

o

L e e s 4
7] RN

-



Jo

" j
vt

-
s
e

»

Dl R Wy

PR

A

of ballisilc 1imit with ohliqui.y., A nosaible ex-

planation is tart the cores of the cnl, .50 bullets
break up upon pessing through the plrtes at angles of
20° and over, The conditlons under wiich these cores
break up has not been renorted 1n the litersture.%

The observed navy banllistic limits in £ll three
werdiess ronges for 3/8% at normrel impect ~re lower then
those miven by Eq. (4), It is knownl thot as the tihlck-
ness of a nlate decrerses, penetration involves less
pusiaing tne plate meterlial cslde, more pushing the oleate
nrterlel Torwerd., Tile chruge in tyne of penstreation
will result1 in the energy of verforation felling below
thet glven by tne formula (4)., It is possible thrt at &
thickness cf 3/8" talas effect Decomes nroarent for cal. .50
bullets,

Toe observed navy ballictic limits in all three
nerdices renses of 1" plates nt 20° obliguity £011 delow
the velues given by EZ¢. (4). This discrensncy mry nrise
becruse sucli & conorrctively l-arge ocmount of energy 1s
necessrry to verfornte a 1" plate nt normal incldernce
that the breeking un of the bullet core ot cbliqulties
crn not increpes the energy for psrforation by such 2

-15-
15, After reanding t.ue first dreft of

Co
r. VncDonrouz of the Watertown Arsenal Armor
¢ neée o bricf survey of the conditions under

*¥Note andded De
this report, U
Flete Rongs he

o o QR R

YYD

s

-

=T

Sy T T =
> O

which the cores of crl, .50 AP cores I rneture, He foundothat

-

all cores whieh - rfo.ated 5/8" Lomosuneous rlates at 20
obliquity were Ifreciured, over hie range of lncldent
velocities used, rrom 1800 te 3200 f£4/sec,

e e
i gl




large factor as for thinner plates.
It 1s to be expected thet at normal incidence the
i difference between the energy necessary Jjust to perforate
. a nlate end just to penetrate a plate will be independent
of the plate thickness. In order to test thig relation,
a nlot wes made, given as Fig.7, in which VNQ is compared
with V 2. Thelr difference is secn to be essentlally

1:dependent of plate thlckness, thet 1s,

8 wE_y2
IASRACL A (6)

where Vx deoends o1ly u»non tae nlate hardness. The
L.

costant Vg 15 just tao velocity the core must have at

l complets penetration in ordcr just to perforete the plate,

. 3
’ Egs. (2), (4) and (8) are not conelstent with one

4 Tae denegndernce of Vg upon nardness is given in Fig. 5.

cnovier., This inconsistency ia no wey iavelldates thelr

' o o F i

usefullaess in renresenting the dave Ielrly well over the

1imited renge of the retlo e/d essocleted with the date

of Teble I, namely over tie reage of ¢/d from 0.87 to 2.3,
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